Objective-Increased production of reactive oxygen species and loss of endothelial nitric oxide (NO) bioactivity are key features of vascular disease states such as atherosclerosis. Tetrahydrobiopterin (BH4) is a required cofactor for NO synthesis by endothelial nitric oxide synthase (eNOS); pharmacologic studies suggest that reduced BH4 availability may be an important mediator of endothelial dysfunction in atherosclerosis. We aimed to investigate the importance of endothelial BH4 availability in atherosclerosis using a transgenic mouse model with endothelial-targeted overexpression of the rate-limiting enzyme in BH4 synthesis, GTP-cyclohydrolase I (GTPCH). Methods and Results-Transgenic mice were crossed into an ApoE knockout (ApoE-KO) background and fed a high-fat diet for 16 weeks. Compared with ApoE-KO controls, transgenic mice (ApoE-KO/GCH-Tg) had higher aortic BH4 levels, reduced endothelial superoxide production and eNOS uncoupling, increased cGMP levels, and preserved NO-mediated endothelium dependent vasorelaxations. Furthermore, aortic root atherosclerotic plaque was significantly reduced in ApoE-KO/GCH-Tg mice compared with ApoE-KO controls.
N itric oxide (NO) produced in the endothelium by endothelial nitric oxide synthase (eNOS) is a key mediator of vascular homeostasis. NO bioavailability is reduced early in vascular disease states such as hypercholesterolemia and atherosclerosis because of reduced NO synthesis and increased NO consumption by reactive oxygen species. 1 A critical determinant of eNOS activity is the availability of the NOS cofactor tetrahydrobiopterin (BH4). When BH4 levels are inadequate, the enzymatic reduction of molecular oxygen by eNOS is no longer coupled to L-arginine oxidation, resulting in generation of superoxide rather than NO, thus contributing to vascular oxidative stress and endothelial dysfunction. BH4 bioavailability in the vasculature appears to be regulated at the level of biosynthesis by the rate-limiting enzyme GTP-cyclohydrolase I (GTPCH) and by oxidative degradation of BH4 to dihydrobiopterin (BH2) that is inactive for eNOS cofactor function.
Several pharmacologic studies suggest a possible role for BH4 availability in regulating NO-mediated endothelial function. Acute administration of BH4 improves some features of endothelial dysfunction in smokers, 2 
and in patients with type
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II diabetes, 3 hypercholesterolemia, 4, 5 or coronary atherosclerosis. 6 In hypercholesterolemic ApoE-knockout (ApoE-KO) mice, endothelium-dependent vascular relaxations are impaired, NO synthesis is reduced, and vascular superoxide production is increased. 7, 8 However, endothelial dysfunction in ApoE-KO mice can be reduced by incubation of vessels in the BH4 precursor sepiapterin. 8 Transgenic overexpression of eNOS in ApoE-KO mice surprisingly leads to enhanced vascular superoxide production, reduced NO bioavailability, and accelerated atherosclerosis. 9 BH4 levels are reduced in the aortas of these mice compared with wild-type controls, but dietary BH4 supplementation with sapropterin reduces superoxide production and increases NO synthesis. These results suggest that increased eNOS protein alone is insufficient to maintain NO synthesis in hypercholesterolemia, and that adequate BH4 levels are essential to prevent eNOS uncoupling in endothelial dysfunction states. However, the effects of topical or systemic pharmacologic BH4 supplementation in these studies may be mediated in part by nonspecific antioxidant effects of acute high-dose BH4, which can increase apparent NO bioavailability by nonspecific ROS scavenging. Furthermore, the long-term effects of endothelial BH4 augmentation in the pathogenesis of vascular disease states are uncertain. Indeed, the effects of pharmacologic supplementation with BH4 or other biopterin analogues on NO bioactivity are unpredictable in vascular disease states in which oxidative stress is increased 10, 11 and in which oxidation of BH4 to BH2 by reactive oxygen species such as peroxynitrite may be an important mechanism underlying BH4 loss. 8, 12 Accordingly, we sought to investigate the importance of BH4 availability in experimental atherosclerosis using a novel transgenic mouse model with endothelial-targeted overexpression of GTPCH, the rate-limiting enzyme in BH4 synthesis. In this model, endothelial cell BH4 levels are specifically increased 3-to 4-fold, without elevation of plasma BH4 levels. 13 We crossed this transgenic mouse line into an ApoE-KO background to investigate the effects of sustained targeted increases in endothelial BH4 synthesis on NO-mediated endothelial function and on progression of atherosclerosis.
Methods
Animals
All studies involving laboratory animals were conducted in accordance with the UK Home Office Animals (Scientific Procedures) Act 1986. Mice were housed in temperature-controlled cages (20°C to 22°C) with a 12-hour light-dark cycle and were given free access to water and formulated diets. GTPCH transgenic (GCH-Tg) mice, in which human GTPCH transgene overexpression is targeted to the vascular endothelium under the control of the mouse Tie-2 promoter, were generated in a C57Bl/6 background as previously described. 13 GCH-Tg mice have increased endothelial GTPCH mRNA expression and protein production, resulting in a 3-to 4-fold augmentation of vascular BH4 levels. These mice were cross-bred through two generations with ApoE-KO mice, 14 also in a C57BL/6 background (purchased from Jackson Laboratory, Bar Harbor, ME), to produce ApoE-KO/GCH-Tg heterozygote breeders. Breeders were mated with pure ApoE-KO mice to produce equal numbers of GCH-Tg (ApoE-KO/GCH-Tg) and nontransgenic (ApoE-KO) littermates in an ApoE-KO background, which were used in all experiments. Mice were weaned at age 3 weeks onto a high-fat pelleted "western" diet (no. 100244; Dyets, Bethlehem, PA). The composition of this diet in g/kg was: casein 195, DL-methionine 3, cornstarch 150, sucrose 341, cellulose 50, anhydrous milk fat 210, salt mix 35, vitamin mix 10, calcium carbonate 4, cholesterol 1.5, and ethoxyquin 0.04. After 16 weeks of feeding on this high-fat diet, mice were euthanized and organs were used in experiments described.
Measurement of Plasma Lipid Concentration
Biochemical analyses of plasma lipids were performed on heparinized blood plasma using a Cobas Mira Plus automated analyzer (Roche, Switzerland).
Measurement of Biopterins
Measurements of total biopterins (BH4, BH2, and biopterin) and biopterins excluding BH4 (BH2 and biopterin) were performed by HPLC analysis with fluorescent detection after differential iodine oxidation of tissue extracts in either acidic or alkaline conditions, respectively, as previously described. 13, 15 BH4 concentration, expressed as pmol/mg protein, was calculated by subtracting BH2ϩbiopterin from total biopterins.
Oxidative Fluorescent Microtopography
Superoxide production in tissue sections of mouse aorta was detected using the fluorescent probe dihydroethidium as previously described. 16 Fresh segments of upper descending thoracic aorta were frozen in OCT compound. Cryosections (30 m) were incubated with Krebs HEPES buffer (in mmol/L: NaCl 99; KCl 4.7; MgSO 4 1.2; KH 2 PO 4 1.0; CaCl 2 1.9; NaHCO 3 25; glucose 11.1, NaHEPES 20) for 30 minutes at 37°C with or without 1 mmol/L L-NAME (Sigma), then for another 5 minutes in a light-protected chamber at 37°C with 2 mol/L dihydroethidium (DHE; Molecular Probes). Some sections were also incubated with 500 U/mL polyethylene glycol-conjugated superoxide dismutase (PEG-SOD) (Sigma) to demonstrate specificity of ethidium fluorescence for superoxide. Images were obtained using a Bio-Rad MRC-1024 laser scanning confocal microscope equipped with a krypton/argon laser using identical acquisition settings. For quantification of endothelial cell ethidium fluorescence from high-power (ϫ60) images, fluorescence (intensity ϫ area) was measured only on the luminal side of the internal elastic lamina using Image-Pro Plus software (MediaCybernetics, Silver Spring, MD). For each vessel, mean fluorescence was calculated from 4 separate high-power fields taken in each quadrant of the vessel to produce nϭ1.
Measurement of Cyclic GMP Levels
Cyclic GMP levels in aortas were measured as previously described. 17, 18 Briefly, aortas were opened and preincubated for 15 minutes in oxygenated Krebs-HEPES solution with 0.1 mmol/L isobutylmethylxanthine (IBMX) (Sigma) at 37°C, then stimulated with 1 mol/L acetylcholine for 3 minutes. Vessels were immediately snap-frozen in liquid nitrogen and homogenized in ice-cold 5% trichloroacetic acid containing 0.5 mmol/L IBMX. Cyclic GMP levels were measured in vessel extracts by enzyme immunoassay (Cayman Chemical Co), expressed as picomoles cGMP per milligram of TCA-precipitable protein solubilized with 1 mol/L sodium hydroxide.
Isometric Tension Vasomotor Studies
Aortic vasomotor function was analyzed using isometric tension studies. Two rings, each 2 mm in length, were cut from the midpoint of each thoracic aorta and mounted in organ bath chambers (MultiMyograph 610 mol/L, Danish Myo Technology, Aarhus, Denmark) containing 5 mL Krebs-Henseleit Buffer (KHB, in mmol/L: NaCl 120; KCl 4.7; MgSO 4 1.2; KH 2 PO 4 1.2; CaCl 2 2.5; NaHCO 3 25; glucose 5.5) at 37°C, and gassed with 95% O 2 /5% CO 2 . All experiments were performed in the presence of 10 mol/L indomethacin to inhibit vascular prostaglandin synthesis. Serial responses to 60 mmol/L KCl, followed by cumulative half-log concentrations of phenylephrine (PE) (1ϫ10 Ϫ9 to 1ϫ10 Ϫ5 mol/L) and acetylcholine (Ach) (1ϫ10 Ϫ9 to 1ϫ10 Ϫ5 mol/L) after preconstriction with PE (3ϫ10 Ϫ6 mol/L), and the NO donor sodium nitroprusside (SNP) (1ϫ10 Ϫ10 to 1ϫ10 Ϫ6 mol/L) were determined as previously described. 13 
Histologic Analysis of Aortic Root Plaque
Immediately after being euthanized, mice were perfusion-fixed with 4% paraformaldehyde in phosphate-buffered saline via the left ventricle. Hearts were dissected and immersed in fixative for a further 24 hours. Each heart was transected at the level of the atria, dehydrated, paraffin-embedded, and serially sectioned (5 m) onto glass slides. Three aortic root sections per mouse (spaced approximately 80 m apart, encompassing the lower, middle, and upper parts of the aortic valve cusps) were rehydrated and stained with combined Elastic (Sigma, Dorset, UK) (to stain elastic laminae black) and Masson's trichrome (VWR, Dorset, UK) (to stain collagen green and cardiac myocytes red). Digital images of the aortic root sections were analyzed using Image Pro Plus (Media Cybernetics). Total lesion area in the aortic root (mean of 3 sections per mouse) was measured blind to the identity of each section and expressed in mm 2 .
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For isometric tension studies, mean responses of two rings from each animal were combined to produce nϭ1. Dose response curves from groups were compared using a general linear model ANOVA test for repeated measures (SPSS v10.0). For other comparisons, one-way ANOVA or t tests were used. PϽ0.05 was considered significant. Data are expressed as means and SEM.
Results
Plasma Lipid Profiles in Mice Fed a High-Fat Diet
Both ApoE-KO and ApoE-KO/GCH-Tg mice had markedly increased plasma total cholesterol and triglyceride levels when fed a high-fat diet for 16 weeks, but there were no significant differences between the two groups (Table) .
Effect of GTPCH Overexpression on Aortic Biopterin Levels
We first determined whether increased GTPCH expression within the endothelium of ApoE-KO/GCH-Tg mice would lead to increased BH4 levels by measuring biopterins in homogenates of snap-frozen aorta. Total biopterin levels were approximately 2-fold higher and BH4 levels were 3-fold higher in ApoE-KO/GCH-Tg compared with ApoE-KO aorta ( Figure 1A ) as a result of GTPCH over-expression. In ApoE-KO/GCH-Tg mice, BH4 levels represented 71% of total biopterins, compared with 38% in ApoE-KO mice, suggesting increased oxidative degradation of BH4 in ApoE-KO mice ( Figure 1B ). This finding suggests that increased endothelial BH4 levels in ApoE-KO/GCH-Tg mice are associated with reduced aortic oxidative stress in atherosclerosis.
Effect of Increased BH4 Levels on Endothelial Superoxide Production and eNOS Coupling
To investigate the source of oxidative stress in mouse aorta, we measured superoxide production using dihydroethidium oxidative fluorescent microtopography. Ethidium fluorescence was observed throughout all layers of the vessel wall that could be inhibited by preincubation with PEG-SOD (data not shown). We next focused on the contribution of eNOS to vascular superoxide production in endothelial cells by measuring ethidium fluorescence specifically on the luminal side of the internal elastic lamina. Endothelial ethidium fluorescence in ApoE-KO mice was increased 2-fold compared with ApoE-KO/GCH-Tg mice, indicating increased superoxide production within endothelial cells (Figure 2 ). Incubation of aortic sections with 1 mmol/L L-NAME to inhibit eNOS decreased endothelial ethidium fluorescence in ApoE-KO aortas, suggesting that in these mice eNOS uncoupling resulted in a net generation of superoxide. In contrast, L-NAME incubation increased endothelial ethidium fluorescence in ApoE-KO/GCH-Tg aortas, indicating maintenance of eNOS coupling, with a net production of NO rather than superoxide.
Cyclic GMP Levels in Aortas
To evaluate whether maintenance of eNOS coupling in ApoE-KO/GCH-Tg mice increased NO bioavailability, we Data shown are meansϮSEM (nϭ7 to 9 per group).
Figure 1.
A, Total biopterin (white bars) and BH4 content (hatched bars) in aortas of ApoE-KO/GCH-Tg and ApoE-KO mice. Total aortic biopterin concentration was 2-fold higher and BH4 concentration was 3-fold higher in ApoE-KO/GCH-Tg compared with ApoE-KO mice (**PϽ0.01; nϭ5 to 6 per group). B, Ratio of BH4 to total biopterin in aortas of ApoE-KO/GCH-Tg (white bars) and ApoE-KO mice (black bars). The aortic BH4 to total biopterin ratio was lower in ApoE-KO mice (*PϽ0.05, nϭ5 to 6), suggesting increased BH4 oxidation in these animals. measured aortic cGMP levels in ApoE-KO/GCH-Tg and ApoE-KO mice. cGMP levels were increased 2-fold in ApoE-KO/GCH-Tg mice compared with ApoE-KO mice ( Figure 3 ). These results indicate that maintenance of endothelial BH4 levels by GTPCH overexpression in ApoE-KO mice augments NO bioavailability and signaling in the vascular wall.
Effect of Increased BH4 Levels on Endothelial Function
We next determined the functional relationships between aortic BH4 levels and eNOS-dependent vasomotor function in ApoE-KO and ApoE-KO/GCH-Tg mice. Isometric tension studies revealed no difference in vascular contractions to phenylephrine among the two groups of mice ( Figure 4A ). However, endothelium-dependent relaxations to the receptormediated eNOS agonist acetylcholine (ACh) were significantly impaired in ApoE-KO mice compared with relaxations in ApoE-KO/GCH-Tg mice ( Figure 4B ). Indeed, endothelium-dependent relaxations in ApoE-KO/GCH-Tg mice were not significantly impaired in comparison with control C57Bl/6J mice fed a high-fat diet (data not shown). Endothelium independent relaxations to the NO donor sodium nitroprusside were identical in both groups, demonstrating no difference in vascular smooth muscle responses to NO ( Figure 4C ). These observations indicate that increased endothelial BH4 levels preserve NO-mediated endothelial function in atherosclerosis.
Development of Aortic Root Plaque
To investigate the effect of preserved endothelial function in ApoE-KO/GCH-Tg mice on the progression of atherosclerosis, we quantified aortic root plaque area after 16 weeks of high-fat feeding. Mean aortic root plaque area after 16 weeks of high-fat diet was 28% lower in ApoE-KO/GCH-Tg mice compared with ApoE-KO mice ( Figure 5 ). This result indicates that the development of atherosclerosis in ApoE-KO mice is directly related to NO-mediated endothelial function and can be significantly reduced by a targeted increase in endothelial BH4 bioavailability.
Discussion
In this study we describe a new mouse model in which endothelial-targeted overexpression of GTPCH leads to a persistent increase in endothelial BH4 levels in an ApoE-KO background. We used this model to investigate the role of BH4 in hypercholesterolemic endothelial dysfunction and report the following major findings. First, endothelialspecific overexpression of GTPCH is sufficient to increase vascular BH4 levels in atherosclerosis. Second, uncoupled eNOS contributes to endothelial superoxide production in ApoE-KO aortas, but eNOS coupling is preserved by increased vascular BH4 levels in ApoE-KO/GCH-Tg aortas. Third, increased BH4 synthesis in ApoE-KO mice is associ- Isometric tension studies in aortic rings from ApoE-KO/GCH-Tg (white circles) and ApoE-KO mice (black circles). A, Vessel contractions to phenylephrine were similar in both groups. B, ApoE-KO aortic rings exhibited impaired endothelium-dependent relaxations to acetylcholine compared with ApoE-KO/GCH-Tg mice (nϭ5 to 7 animals per group; *Pϭ0.03). C, Endothelium-independent vessel relaxations to the NO donor sodium nitroprusside were identical in both groups of mice. ated with increased NO bioavailability, as demonstrated by increased aortic cGMP levels and preserved endothelialdependent vascular relaxations. Fourth, preserved endothelial function by GTPCH overexpression in ApoE-KO mice reduces atherosclerosis progression.
Previous studies have reported increased superoxide production, at least partly derived from uncoupled eNOS, in the aorta of ApoE-KO mice, 7,8 diabetic rats, 19 and hyperlipidemic rabbits. 20 In agreement with these studies, we also found that uncoupled eNOS contributes to superoxide production specifically within endothelial cells and is associated with increased oxidation of BH4, forming BH2 and biopterin. The mechanisms underlying increased oxidative stress in vascular disease states include enzyme systems such as the NADPH oxidases, in addition to eNOS uncoupling in the endothelium. Reducing NADPH oxidase-mediated ROS production has salutary effects on atherosclerotic progression in ApoE-KO mice 21 and on NO-mediated vascular function and eNOS coupling in DOCA-salt hypertension, 22 suggesting that NADPH oxidase-mediated ROS can initiate eNOS uncoupling through BH4 oxidation. However, initial eNOS uncoupling may progressively increase oxidative degradation of BH4, resulting in a positive feed-forward spiral of reduced NO production and increasing eNOS-mediated superoxide generation. In support of this model, some studies have suggested that agents such as ascorbate 23, 24 and folate, 25 known to improve endothelial dysfunction, may act through stabilization or regeneration of BH4. We now add further direct evidence suggesting a central role for BH4-mediated eNOS uncoupling in the progressive endothelial dysfunction of atherosclerosis. By specifically augmenting vascular BH4 levels in ApoE-KO mice, using endothelial-targeted transgenic overexpression of GTPCH, we found that eNOS coupling was maintained, leading to reduced endothelial superoxide production and increased NO bioavailability. Our observations suggest that maintenance of BH4 levels in atherosclerosis is alone sufficient to rescue the deficit in eNOS function, despite the overall increase in vascular oxidative stress. 8 However, it should be noted that direct evidence of eNOS uncoupling in vascular disease has not been demonstrated in vivo, because of the technical limitations involved in the measurement of vascular superoxide production. 26 In addition, our experiments cannot exclude a possible effect of increased endothelial BH4 levels on the activity of the inducible NOS isoform in other cells of the vascular wall, which likely contributes to vascular pathophysiology in ApoE-KO mice. 24, 27, 28 Improving eNOS coupling by constitutive augmentation of endothelial BH4 levels in the ApoE-KO mouse model of atherosclerosis also allowed us to investigate the long-term effects of this intervention on NO-mediated endothelial function and on atherosclerotic plaque progression in vivo. Reduced endothelial superoxide production and increased NO bioactivity, as evidenced by cGMP levels, significantly improved vascular relaxations to acetylcholine in GCH-Tg atherosclerotic mice. Indeed, in these animals, vasorelaxations were maintained at levels indistinguishable from levels in control C57Bl/6J mice fed a high-fat diet. Importantly, these findings demonstrate that targeted preservation of NO-mediated endothelial function is sufficient to reduce plaque progression in atherosclerosis, adding further weight to the concept that endothelial dysfunction is indeed a direct contributor in the pathogenesis of atherosclerosis, rather than an indirect marker of disease progression.
Our study suggests that BH4 is a rational therapeutic target to correct endothelial dysfunction in atherosclerosis. Strategies to persistently improve BH4 availability may be effective in restoring NO-mediated endothelial function and limiting vascular disease progression in several conditions, such as atherosclerosis, 8, 9 diabetes, 13 and hypertension. 22 Paradoxically, targeted eNOS overexpression alone as a strategy to restore or increase vascular NO bioactivity in atherosclerosis neither restores NO-mediated endothelial function nor reduces atherosclerosis. 9 Rather, eNOS overexpression in atherosclerosis has detrimental effects because of superoxide generated by eNOS uncoupling, which is corrected by highdose BH4 supplementation. 9 However, high pharmacological doses of sepiapterin or BH4 (often Ͼ100-fold in excess of physiological concentrations) may increase NO bioactivity via nonspecific antioxidant effects. The present study addresses this potential limitation by using GTPCH overexpression in transgenic mice to only modestly increase endothelial BH4 synthesis and vascular BH4 levels. Taken together with previous studies, our observations suggest that BH4 availability, rather than total eNOS enzymatic activity, is a more critical regulator of NO production in atherosclerosis and has direct effects on NO-mediated endothelial function and on atherosclerotic progression.
The mechanisms underlying reduced BH4 availability in vascular diseases remain incompletely understood and may involve several pathways. BH4 levels in inflammatory cells are regulated principally by transcriptional upregulation of GTPCH in response to cytokine stimulation. Although similar observations have been described in cultured endothelial cells, 29, 30 there is little evidence for major changes in endothelial GTPCH expression and BH4 synthesis in vivo in the setting of vascular diseases. For example, GTPCH expression does not appear upregulated in the vasculature in a mouse model of diabetes, 13 and there are conflicting comparisons of aortic BH4 levels in ApoE-KO mice compared with controls. 9, 24 Reduced endothelial BH4 levels in vascular diseases could be caused by inhibition of GTPCH enzymatic activity secondary to either phosphorylation or feedback inhibition through GTPCH feedback regulatory protein. 31 However, previous data suggest that oxidative degradation of BH4 by peroxynitrite (forming BH2 and biopterin via the nonprotonated BH3 radical 32 ) is a more likely explanation for reduced BH4 levels in atherosclerosis 8 and in other vascular disease states. 13, 22 Indeed, in the present study we observed that the ratio of BH4 to oxidized biopterins was reduced in aortas of ApoE-KO mice compared with ApoE-KO/GCH-Tg mice, adding further support to this conclusion. We found, in addition, that maintenance of endothelial BH4 levels appears sufficient to limit BH4 oxidation by preservation of eNOS coupling. Thus, eNOS-dependent superoxide production mediated by BH4 insufficiency further reduces BH4 availability. Although reduced biosynthesis of BH4 may not be the principal mechanism of BH4 loss in vascular disease, the GCH-Tg mouse model clearly shows that increasing endothelial BH4 biosynthesis is nevertheless effective in restoring BH4 availability. Strategies aimed at increasing BH4 biosynthesis, 33 reducing BH4 oxidation, 22, 24, 25 or enhancing BH4 regeneration 32 may be equally valid as therapeutic approaches in vascular disease states.
